lacking.
In this work, we report the successful development of a 40-50 nm thick modified layer,~5 times thicker than the state-of-art coating layers, to address the surface sensitivity of LiNi 0.8 Mn 0.1 Co 0.1 O 2 without significantly reducing its rate capability. This thick membrane possesses a bio-tissue structure, in which the crystalline layered-oxide nano-domains are scattered in the amorphous species less than 1 nm apart, like cells surrounded by interstitials in plant tissue, as shown in Scheme 1. These nanocrystalline islands could transport both electrons and Li þ ions through the thick membrane via quantum tunneling. Protected by this surface structure, the modified LiNi 0.8 Mn 0.1 Co 0.1 O 2 presents excellent electrochemical performance during cycling, thermal abuse, and moisture exposure, indicating its promising potential for LIBs, especially to power electric vehicles.
The as-prepared samples are a pure layered oxide that can be attributed to the R-3m group of the hexagonal crystal family, as shown in Fig. S1 and Table S1 . Both a-axis and c-axis lengths are close to those of pure LiNi 0.8 Mn 0.1 Co 0.1 O 2 and larger than those of the Co-rich-gradient sample, which was obtained from the core-shell-structured precursor of Ni 0.8 Mn 0.1 Co 0.1 (OH) 2 -0.1Co(OH) 2 . Since the Co 3þ ionic radius is smaller than that of Ni 3þ , increasing the Co ratio in the gradient sample will lead to lattice shrinkage, as shown in the lattice volume comparison in Table S1 . The lattice parameters of our coated sample are different from those of the Co-gradient sample, indicating that the Co cations are not uniformly distributed.
As shown in Fig. 1 , the sintered particles are covered by a thick shell layer without an interlayer, although the core-medial-shell structure is clearly identified in the precursors (Fig. S2 ). This shell layer is 40-50 nm thick,~5 times thicker than the rough coating layer used in other work [25, 40, 48] . High-resolution transmission electron microscopy (HRTEM) was used to examine the structure in detail. This thick layer is mainly composed of crystalline nano-domains with diameters of 2-20 nm separated by an amorphous phase with gaps smaller than 1 nm, which is the effective length of quantum tunneling. When zirconium grows with a high concentration of Co, it will not form a solid solution with layered oxide cathode materials, even at high temperature, because of their lattice difference [49] . In this condition, the lithium-zirconium-oxygen (Li-Zr-O, Fig. S3 ) interlayer is designed to impede diffusion of the outermost Co to the core material and create a gradient structure in the thick surface region. The nano-domains with layered structure were scattered in the region of zirconium compounds. Disturbed by layered structure phase during calcination, Li-Zr-O phase exists as amorphous phase after synthesis. This distribution is similar with that of plant tissues, where the plant cells are scattered among the interstitials. This is the first time the bio-tissue structure has been observed in LIB materials, to the best of our knowledge.
It is interesting to note that the crystalline domains in this thick shell layer vary slightly from the outermost surface to the bulk. In selected regions, the space between the crystalline planes changes along the radial direction from 0.200 nm to 0.202 nm-0.204 nm, which should correspond to the (104) plane of LiNi 1-x-y Mn x Co y O 2 . Fast Fourier transform (FFT) and inverse-FFT images that filtered the noisy background are used to compare the crystal spacing, as shown in Fig. S4 . This variation indicates that the Ni ratio gradually increases in the outward radial direction. In contrast, lattice fringes of pristine and Co-rich gradient samples are uniform, which means that they are continuously crystalline Scheme 1. Schematic of core-medial-shell structure precursor and Ni-rich cathode coated with a thick, bio-tissue-like layer after high-temperature calcination. Radial distribution of the elements was analyzed by secondary ion mass spectroscopy (SIMS) along the radial direction with Ar þ ion etching. As shown in Fig. 1e , the ratio of zirconium initially increased rapidly with longer etching time, and peaked at the depth corresponding to 160 s etching, which is approximately~5 nm [50, 51] . After the peak, the zirconium ratio slowly diminished throughout the tested depth and was still detectable after etching for 1500 s. This phenomenon can be attributed to the three-dimensional distribution of zirconia in the shell layer.
As for other elements, the gradient sample possesses the highest Co concentration and lowest Ni ratio on the surface when compared to the control samples. It demonstrates that our designed sample has a Co-and Zr-rich surface, which should be much more stable than one depleted of Co and Zr. Furthermore, the results obtained from x-ray diffraction (XRD) and HRTEM data indicate the Co cations are mainly concentrated in the thick coating layer and surrounded by amorphous regions, which exert a negligible influence on the XRD pattern, as confirmed by the energy dispersive spectroscopy results in Fig. S6 .
X-ray photoelectron spectroscopy (XPS) was used to characterize the surface chemical environment and composition within 2-3 nm depth. As shown in Fig. S7 and Table S2 , zirconium accounts for a fraction of 15.89% among the total metal ions, confirming the surface richness of zirconium in our designed sample. Furthermore, the Ni content is obviously reduced to 52.04 at%, much lower than the pristine and gradient samples, indicating the effectiveness of coating in lowering surface Ni content. Based on the XPS data, the fractions of Ni 2þ out of the total Ni are 27.53, 23.68, and 6.24 at% for pristine, gradient, and our designed samples, respectively, as shown in Fig. 1f and Table S3 . According to previous work indicating that Ni-rich cathodes would generate Ni 2þ cations via decomposition in ambient conditions [52, 53] , our designed sample should possess a much better chemical stability in a moist atmosphere.
Soft x-ray absorption spectroscopy (XAS) was employed to analyze the Ni at the depth of~5 nm in total electron yield (TEY) mode, and of 100 nm in fluorescence yield (FY) mode [39, 54] . As shown in Fig. 1f -g and Fig. S8 , the Ni L-edge L 3 peak splits into L 3 -high at 861.4 eV and L 3 -low at 863.3 eV, which correspond to Ni 2þ and Ni 3þ , respectively [55, 56] . The sample with the thick-layer coating presents the highest value of L 3 -high/L 3 -low, namely Ni 3þ /Ni 2þ , in TEY mode. This further confirms that the protective layer suppresses the surface decomposition of the Ni-rich cathode, which is consistent with XPS results. The Ni 3þ /Ni 2þ values are almost the same for all three samples in FY mode, demonstrating their similarity in the domain around 100 nm depth. This further reveals that our protective layer only changes the surface chemistry and structure of the Ni-rich cathode.
To investigate the effect of a thick coating layer (~15 times thicker than the typical coatings) on Ni-rich cathode material, we compared the electrochemical performance of our coated samples with those of pristine and gradient materials. As shown in Fig. 2b , at 0.1 C rate, the coated sample exhibits a discharge capacity as high as~182 mAh g À1 , which is similar to that of the gradient sample and lower than that of the pristine LiNi 0.8 Mn 0.1 Co 0.1 O 2 (193 mAh g À1 ). At 0.5 C and higher rates, the coated samples exhibit only 5-10% lower capability (see Fig. S9 ) than those of the control samples. The good kinetics of the thickly coated samples can be attributed to its bio-tissue structure in the thick shell layer. We notice that the crystalline domains are separated by less than 1 nm, which is the effective distance of quantum tunneling [57] . Therefore, the charge carriers could travel through the ternary-oxide crystalline nano-domain, hop to an adjacent nano-domain via quantum tunneling, and then diffuse into the bulk. Clearly, our approach satisfies the need to construct a better protective layer on cathode materials without significantly sacrificing the rate capability of cathode materials.
The cyclic performance of the samples was tested at 0.5 C charge and 1 C discharge between~2.8 and~4.3 V vs. Li/Li þ . Our designed sample presents excellent cyclic stability, with 90.1% of the initial discharge capacity remaining in the 1000th cycle (Fig. 2c ). As shown in Fig. 2d and e, its discharge midpoint potential gradually decreases from 3.80 V vs. Li þ /Li at the initial cycle to 3.71 V vs. Li/Li þ at the 1000th cycle, and even its charge-discharge curve in the 1000th cycle retains the typical characteristics of layered ternary oxides. In contrast, the pristine and the gradient samples retain 80% of their initial capacities in the 484th cycle and 211th cycle, respectively.
Electrochemical and safety performance was also evaluated using pouch cell (graphite was used as anode). As shown in Fig. 2f and g, the pouch cell retained 88.3% of its initial capacity after 1000 cycles, which is similar with the retention ratio in coin cell using Li metal as anode (90.1%). Long cycling life obtained in both coin cell and pouch cell confirms that bio-tissue structure could significantly enhances the cycling stability of nickel rich cathode. The designed 1 Ah pouch cell could deliver 88.6%, 78.6%, 59.4%, 40.1% and 26.6% capacity at 1, 2, 3, 4, 5 A current, respectively. Considering the current loading ability for EV charging, 78.6% capacity retention ratio at 2C (corresponding to 2 A for 1 Ah pouch cell) in full cell could meet the requirement for high energy density batteries.
To further illustrate the protective effect of this thick layer, the cycled electrodes of the investigated samples were evaluated after being disassembled in the glove box; scanning electron microscope (SEM) images are shown in Fig. S10 . The crystalline phase of thick-coating and Cogradient samples remains intact after cycling, as does that of the pristine sample (Fig. S11 ). Diffraction peaks of cycled pristine electrode at a 2θ of 43.1 and 47.3 correspond to NiO-like phase; this is consistent with references that indicate Ni-rich material easily generates NiO-like phase on the surface during degradation [50, [58] [59] [60] . Particles of the pristine and gradient samples were covered with some extra substances, and the electrolyte had dried up in both systems. These results indicate that quick consumption of the electrolytes is the reason for capacity fading in both systems. As for the sample with the ultra-thick protective layer, the particles are almost as smooth as the pristine condition after 1000 cycles. Unlike the pristine materials in Fig. S10 , most of the thickly coated Ni-rich particles are uncracked even after 1000 cycles. It is believed that the bio-tissue structure with nano-domains in amorphous regions contributed to releasing micro-strain and suppressing particle cracking [61] [62] [63] .
Thermal stability has been one of the crucial concerns for Ni-rich cathodes since they were invented in the 1980s. The side reactions between cathodes and electrolyte would generate a huge amount of heat and induce catastrophic accidents in the full batteries during thermal abuse. Our thick protective layer significantly improves the thermal stability of Ni-rich materials, as shown in Fig. 3 . The exothermal reaction for our designed sample began at 215 C and peaked at 245 C with a total heat of 1136.3 J g À1 ; the released heat is much lower than those of the pristine (188 C, 225 C, and 2538.9 Jg -1 ) and Co-gradient sample (196 C, 232 C, 1714.4 Jg -1 ). This thick coating layer reduces the released heat to 44.1% of the pristine and postpones the exothermic reaction by~20 C. Furthermore, this thermal behavior is close to that of LiNi 0.5 Co 0.3 Mn 0.2 O 2 [64] , indicating our approach changes the Ni-rich material to a safer cathode. It is well known that puncture safety test is one of the most rigorous tests for nickel rich cathode pouch cells. Protected by a bio-tissue structure, pouch cells using thick coated nickel rich cathode present high endurance in puncture safety test. As shown in Fig. 3c , fire or explosion was not observed during pouch cell punctured by stainless steel nail. The pouch cell appearance does not change much after puncture test. Due to excellent protection of thick bio-tissue like interphase, surface sensitivity of Ni rich NMC cathode is passivated and battery safety is largely enhanced and results in the much enhanced safety for high energy density battery.
Moisture sensitivity is another key challenge for Ni-rich materials [65, 66] . To minimize the detrimental effect of humidity, industry must use an expensive dry-room atmosphere, from slurry mixing to electrolyte injection, to produce batteries. To investigate the effect of our thick coating layer against moisture exposure, the samples were placed in a ⌀380 mm desiccator with 200 mL water and stored at 55 C for four weeks. As shown in Fig. 4 , the pristine LiNi 0.8 Mn 0.1 Co 0.1 O 2 particles are coated by a~200 nm thick layer of decomposed substances and even form some cracks after being stored in such a humid environment, indicating its severe decomposition under this condition. In contrast, the thickly coated sample retains a much neater exterior. The surface layer has only grown to 10-15 nm after storage in the humid environment. After extensive exposure to humidity, our coated sample presents higher discharge capacity, 179.2 mAh g À1 , only 2.8 mAh g À1 lower than the material not exposed to moisture, as shown in Fig. S12a . It also exhibits the better cycling stability, still retaining 82% capacity after 200 cycles, whereas the pristine and gradient samples only retain 37% and 60% (compared in Fig. S12b) . Obviously, the protective layer developed in this work significantly improves the stability under humidity.
In summary, we have developed a novel strategy to construct a 40-50-nm-thick shell layer with bio-tissue structure on LiNi 0.8 Mn 0.1-Co 0.1 O 2 particles to stabilize their sensitive surface without greatly reducing the kinetics. The acceptable rate capability of our designed sample is related to the structural stability of this layer, which is composed of crystalline domains separated by less than 1 nm. It is probable that the carriers move through the ternary-oxide crystalline domain, hop to an adjacent domain via quantum tunneling, and then diffuse into the bulk. Our approach fills the need to construct a thick protective layer on cathode particles without significantly decreasing their rate capability. With the protection of this thick layer, our coated samples presented excellent stability under the long-term cycling test, thermal abuse, and moisture exposure. Therefore, this approach could largely facilitate large-scale manufacturing and safe storage of Ni-rich cathodes for high-energy LIBs. 
